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Introduction
The global production of ethylene and propylene exceeds 200 million tones per year, being the purification stage responsible for 0.3% of the global energy use [1] . Current separation processes, mainly cryogenic distillation, consist on highly energy and capital intensive operations [2] , which typically account for 45-55% of industrial processes energy consumption [1] . Some alternative processes to cryogenic distillation have been proposed over the last times, being the most studied: extractive distillation [3] , physical adsorption on molecular sieves [4] , and chemical adsorption [5] . Nonetheless, some problems as low olefin loads and complicated regeneration cycles have prevent these alternatives from replacing traditional distillation [6] .
Recently, membrane technology has emerged as a possible solution that allows process intensification [7] , which will lead to energy and capital savings in many gas separation processes, such as CO 2 capture [8] , CO separation [9] , natural gas purification [10] and hydrogen production [11] . In the short term, membranes can be used for bulk separation, using distillation for the final "refining" of the product. Such hybrid systems would reduce the energy requirements of olefin production by a factor of two or three [1] . A wide range of membrane compositions have been reported for olefin/paraffin separation, including liquid, polymeric and inorganic membranes [12] [13] [14] [15] [16] . However, these technologies face some major drawbacks. Liquid membranes show a serious lack of stability due to solvent evaporation [17] . Polymeric dense membranes suffer from poor performance in terms of selectivity and permeability due to the similar sizes of permeant species [18] . Lastly, inorganic membranes usually require complex and expensive preparation methods and show low mechanical resistance.
The development of new materials has promoted recent studies on their application to gas separation. In this regard, new studies assess the performance of nanocomposite membranes [19] , mixed-matrix membranes containing metal organic frameworks (MOFs) [20] [21] [22] , polymers with intrinsic microporosity (PIMs) [23] and membranes containing metallic nanoparticles [24] , achieving high olefin/paraffin selectivities.
Among the membrane systems reported, those regarding the facilitated transport of olefins using a transition metal cation as carrier agent have shown great performance for olefin/paraffin separations [25] [26] [27] . The main advantage of carrier mediated facilitated transport membranes is their capability to achieve high values of selectivity and permeability at the same time, thus overcoming the existing tradeoff between these two variables [28, 29] . Facilitated transport membranes for olefin/paraffin separation are prepared dissolving a silver salt within a polymeric matrix, forming a solid membrane, usually known as polymer electrolyte. On this matter, Bai et al. [30] synthesized ethylcellulose membranes modified with the incorporation of several metal-ions, achieving higher selectivity when testing silver cations instead of other transition metals. Kim et al. [31] tested EPR-coated polyester membranes with physically dispersed silver aggregates that dissolved in situ when in contact with the olefin, resulting in high selectivity towards the olefin; in addition, polymerized ionic liquids have been also assessed as a matrix for the incorporation of silver cations with promising results [32] .
These membranes make use of the silver cations ability to selectively and reversibly coordinate with olefin molecules, following a π-bond complexation mechanism [33, 34] .
Additionally, our research group has developed composite membranes incorporating ionic liquids to the matrix polymer in order to improve the separation performance and stabilizing the silver cations in the membrane [28, 35] .
In this work, the use of dense polymeric facilitated transport membranes made of interactions with electron donor atoms of the polymer by means of FTIR spectra [36, 37] . Once the membrane is in contact with the olefin, π-bonding complexation between the olefin and the cation takes place. Finally, due to the partial pressure gradient, the olefin follows a hopping movement from one fixed cation to the next, giving place to fixed carrier transport mechanism [38, 39] . PVDF-HFP fluoropolymer was selected because of its well-known chemical, mechanical and thermal stability and its good miscibility with AgBF 4 silver salt; furthermore, besides the copolymerization with HFP decreases its crystallinity degree to around 0.3 [40] , certain crystallinity in the polymer structure may reduce the paraffin sorption, while the olefin solubility remains high due to its complexation with the silver cations, increasing the selectivity of the membrane.
Previously, interesting works have been reported trying to describe this facilitated transport phenomenon in similar systems. In this regard, Smith and Quinn [41] studied the facilitated transport of carbon monoxide through cuprous chloride solutions;
Ravanchi et al. [42] and Kasahara et al. [43] developed mathematical models for propane/propylene separation using supported liquid membranes and ion-gel membranes composed of gelled ionic liquids on PTFE supports, respectively.
The present work proposes a novel mathematical description for propylene flux through solid PVDF-HFP/Ag + facilitated transport membranes. Although previous reports of this research group have assessed the addition of ionic liquids as additives to promote carrier mobility [28] , its use has been avoided in this study in order to limit the transport mechanisms to fixed site carrier and solution-diffusion. The mathematical approach at this stage involves the experimental determination of the activation energy (Ea), the equilibrium constant (Kp) and the influence of silver concentration (β), whereas the fitting parameter (α) has been estimated using Aspen Custom Modeler software. The model is able to describe the influence of the main operating variables on propylene flux, such as temperature, partial pressure and membrane composition. This model is the necessary tool for future process design, scale-up and optimization.
Experimental

Chemicals
Propylene and propane gases were purchased from Praxair with a purity of 99.5% for both gases. Poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) was supplied by Sigma Aldrich. Silver tetrafluoroborate (AgBF 4 ) with a minimum purity of 99% was purchased from Apollo Scientific Ltd. Tetrahydrofuran (THF) was used as solvent for membrane synthesis. All chemicals were used as received with no further purification.
Membrane synthesis
PVDF-HFP/AgBF 4 membranes were synthesized using the solvent casting method.
The selected amount of PVDF-HFP is dissolved in 10 mL of THF by stirring in a sealed glass vial to prevent solvent evaporation. After 24 hours of stirring at room temperature, the vial is heated at 50 ºC during 5 minutes until the polymer is completely dissolved.
Once the polymeric solution is prepared, it is mixed with the desired amount of silver salt and stirred for 10 min. Finally, the membrane precursor is poured in a Petri dish and located in a vacuum oven for 24 hours at 25 ºC and 300 mbar under dark conditions.
The resulting thickness of the prepared dense films depends on the silver load, but in all cases, it is around 60±10 μm. For calculation purposes, the real thickness of each membrane has been considered, being measured using a digital micrometer Mitutoyo Digimatic MDC-25SX (accuracy ± 0.001 mm).
Membrane morphology characterization
The cross-section and surface morphology of the membranes were observed using scanning electron microscopy (Carl Zeiss EVO MA 15). The samples were prepared by immersing and fracturing the membranes in liquid nitrogen followed by gold sputtering using a Balzers Union SCD040 sputter coating system. The line-scan spectrum of energy dispersive X-ray spectroscopy (EDX) was applied to the same samples of SEM to determine the silver distribution profile in the membrane cross-section.
Gas permeation experiments
The permeation experiments were conducted using the gas mixture continuous flow technique detailed elsewhere [28] ; briefly, the membrane is placed in a permeation cell and the gas mixture is continuously fed into the upper chamber. Nitrogen gas is used in the lower chamber as sweeping gas. The retentate and permeate streams are finally analyzed using gas chromatography and the experimental propylene flux is calculated by a simple mass balance, as shown in Equation 1. 
Where A is the effective membrane area, Table 1 . In order to assess the influence of silver concentration a set of three membranes with different silver loads were synthesized; membrane composition is shown in Table 2 . 
Mathematical modeling
The transport of propylene through the membrane is the result of two different transport mechanisms acting simultaneously, as illustrated in Figure 1 . When a gas bulk is in contact with a non-porous material, gas molecules start to solubilize spontaneously in the polymer matrix. Adsorbed molecules then diffuse through the membrane, resulting in a net gas flux if a partial pressure gradient is applied. Furthermore, when a certain quantity of AgBF 4 is added to the membrane, it dissociates into its ions. Silver cations tend to form new bonds with those atoms present in the polymer matrix that can donate their electrons to stabilize Ag + . These fixed silver cations promote the fixed carrier mechanism [44] . If the membrane is exposed to olefins, complexation takes place between the olefin molecules and the Ag + cations that are partially coordinated with the polymer matrix [45] . The olefin then follows a hopping mechanism until it reaches the other side of the membrane, where the olefin is released. The chemical reaction between the olefin and the silver cation is described as:
In the heterogeneous form:
The olefin flux given by the joint action of the two transport mechanisms can be expressed by Equation 3 [46] :
where the parameter A acts as an effective diffusivity in the fixed site carrier transport.
Integrating Equation 3 in the membrane domain results in Equation 4
:
Assuming a sorption equilibrium at the interface: The effect of temperature is given by an Arrhenius type expression, while the term in brackets is the concentration of uncomplexed silver cations, as obtained from the chemical equilibrium. The exponent β was introduced to correct the silver concentration influence on the propylene flux, given the percolation threshold observed in these membranes by several authors [47] [48] [49] . The parameter α is the fitting parameter of the model.
On the other hand, given that propane is only affected by fickian diffusion, its flux can be easily described by the solution-diffusion equation: The EDX spectra of the membrane with the highest silver loading displayed in Figure 3 shows a uniform distribution of the element silver along the cross-section of the membrane, with no evidence of silver particles formation. This is in good agreement with the previously discussed works on the interactions between the Ag + cations and the polymer matrix [36, 37] . 
Permeation results
In this section, the permeation results are discussed; the experimental propylene flux through the membranes 1-3 as a function of propylene partial pressure is depicted in As the difference of propylene partial pressure is the driving force in the permeation process, the olefin flux increases when its feed partial pressure rises. In contrast to the conventional solution-diffusion transport mechanism, that describes a linear increase of the permeate flux with increasing driving force, i.e. partial pressure difference, these membranes display the characteristic fixed-site-carrier facilitated transport profile described elsewhere [50] . At very low values of the driving force, most part of the transported molecules follow the complexing mechanism, resulting in a non-linear profile. On the other hand, for high driving forces, every silver cation is bound to propylene molecules and the carrier becomes saturated. In this state, any flux increase is mainly induced by the solution-diffusion mechanism, and thus, the linear trend is only achieved after surpassing a threshold value of the partial pressure gradient.
Comparing Figures 4 (a) and (b) it can be observed that the temperature has a strong influence on the permeation process, increasing the flux of propylene. This increase of the olefin flux is due to the enhancement in the gas diffusivity, as reported before [35] .
The temperature also has a positive influence on the rate of complexation and decomplexation reactions, thus enhancing the olefin facilitated transport. In contrast to diffusivity, the solubility of both gases slightly decreases with temperature; nonetheless, the influence of this trend is completely overlapped by the diffusivity effect. However, as the paraffin diffusivity undergoes an increasing trend with temperature, it results in a selectivity decrease towards the olefin at higher temperatures.
Pristine PVDF-HFP copolymer is known for being a low permeable material. This property combined with transport facilitation towards propylene yields very high selectivity. In fact, the propane concentration in the permeate stream when testing membranes 1 and 2 was below the gas chromatograph detection limit (0.025 vol.%).
The permeate stream of membrane 3 contained a minor quantity of propane at the higher feed pressures, as displayed in Figure 5 . The resulting selectivity ranges from 100 to 300. Given that previous studies involving pure gases report lower values of propane permeability in PVDF-HFP [35] , a dragging effect caused by the high propylene fluxes is probably happening in membrane 3, resulting in a propane permeability increase. Figure 5 shows the difference between the experimental fluxes of propylene and propane. Thus, these experimental results demonstrate that it is possible to achieve high propylene flux and selectivity even at low partial pressures and moderate temperatures.
Comparing all three membranes in terms of silver loading and propylene flux, one can observe that the silver concentration has a major influence on the olefin permeability. When the silver content increases within the membrane, more silver cations are available to coordinate with olefin molecules. The result is a noticeable increase in propylene facilitated transport that follows an exponential trend, Figure 6 . A similar behaviour was reported by Yoon et al. [47] in PEOx and PVP with AgBF 4 and AgCF 3 SO 3 silver salts, by Morisato et al. [48] in PA-12-PTMO/AgBF 4 membranes, and
by Kim et al. [49] in different polymer/silver membranes, although it has not been previously reported in PVDF-HFP fluoropolymer. This trend evidences a percolation threshold; at low carrier concentrations, the facilitated transport is almost negligible, while increasing the concentration results in a major increase of the olefin flux. This phenomenon is related to the proximity between active sites; at low concentrations, the distance between two consecutive cations is too large to allow the facilitated transport;
on the other hand, at higher concentrations the silver cations are close enough to transport the olefin. In these membranes, the percolation threshold seems to be surpassed at silver concentrations higher than 2.5 mol·L -1 . 
Mathematical Model
One of the main targets of this work is to provide a simple yet effective model to predict the olefin flux in this polymer/silver system. This tool will be useful to design In order to avoid interferences in parametric sensitivity, the experimental determination of the activation energy, the equilibrium constant and the exponent β has been carried out isolating the influence of temperature from the influence of silver concentration. The values of calculated parameters are shown in Table 3 . 
Using the same methodology, the equilibrium constant P K and the exponent β were determined by regression of permeability data at constant temperature, with silver concentration and olefin partial pressure, Equation 9:
Aspen Custom Modeler software was used to fit the experimental data to the model equations and estimate the fitting parameter α, which has a value of 3.24x10 -11 for this particular case study.
Once the model parameters are determined, the model describes the permeation process of propylene through the facilitated transport membrane, providing that all operating variables are inside the studied range. The estimated propylene fluxes are represented against the experimental propylene fluxes in the parity graph shown in Figure 8 . In the parity graph, a 15% error range is also displayed, proving that the majority of points fall within this range, and checking the adequacy of the proposed model to describe the experimental behavior of propane/propylene separation using PVDF-HFP/Ag + membranes. 
Membranes comparison
Various polymer electrolytes comprising different polymer matrices and silver salts have been previously reported for propylene/propane separation. Table 4 b Calculated from reported permeability and thickness.
Conclusions
A mathematical expression for the "effective permeability" of propylene by the fixed carrier mechanism has been deduced and the fitting parameter has been estimated based on experimental data. The validity of the model has been checked by comparing simulated and experimental permeation data for propylene/propane gas mixtures in PVDF-HFP/Ag + .
The resulting olefin fluxes follow the characteristic trend of facilitated transport processes when increasing the feed pressure, and indicate a promising performance in terms of propylene permeability. The silver loading dramatically increases the propylene flux in an exponential trend, which suggests the existence of a concentration threshold. The comparison between experimental and predicted values and the model parity graph suggest a reliable goodness of fit.
The mathematical approach reported in this work is susceptible to be applied in those membrane systems where the fixed carrier mechanism is present and allows to calculate its contribution to the total permeate flux in a fast and simple manner. Therefore, this model will be a valuable tool for future design and optimization of more complex propylene/propane separation systems (i.e. mobile-fixed carrier hybrid membranes) in more efficient process configurations.
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